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We discuss a scenario for interface-induced superconductivity involving pairing by dipolar excita- 
tions proximate to a two-dimensional electron system controlled by a transverse electric field. If the 
interface consists of transition metal oxide materials, the repulsive on-site Coulomb interaction is 
typically strong and a superconducting state is formed via exchange of non-local dipolar excitations 
in the d-wave channel. Perspectives to enhance the superconducting transition temperature are 
discussed. 



Introduction. Enormous progress has been made in 
recent years in the fabrication and control of interfaces 
of strongly correlated oxide systems. As is well known, 
these materials exhibit unusual electronic properties al- 
ready in their bulk form, and the interface of two un- 
like oxides appears to allow for the formation of addi- 
tional novel states. The sensitivity of such states to ex- 
ternal parameters raises the intriguing possibility of pre- 
cise quantum control of devices based on interfaces of 
this type. In particular, field effect devices have been 
used in LaAlOs/SrTiOs-heterostructures to switch on 
and off a two-dimensional (2D) electron liquid localized 
at the interface^. Recently, it was discovered that a su- 
perconducting state can be created and electrostatically 
modulated in such systems^ , albeit at quite low tempera- 
tures. This discovery has once again raised the question 
of whether or not superconductivity can be influenced 
by interface phenomena, and indeed whether interfaces 
with semiconducting or insulating materials might con- 
stitute an entirely new mechanism for realizing a high- 
temperature superconductor. Recent discoveries of su- 
perconductivity with transition temperatures near 60 K 
in Fe-based materials^ have reinvigorated discussions of 
novel ways to create higher temperature superconduc- 
tivity, including many intriguing ideas which were effec- 
tively abandoned after they went unrealized in the early 
years after the advent of BCS theory. In this paper, we 
discuss a mechanism for interface-mediated superconduc- 
tivity specific to oxide interfaces and investigate whether 
high critical temperatures might be possible. 

Our discussion is very much in the spirit of an early 
model due to Little, who proposed that high temperature 
superconductivity with a temperature scale determined 
by electronic energy scales of the order of the Fermi 
energy might be realized with metalorganic chain com- 
pounds with quasi- ID metallic spines coupled to polariz- 
able (organic) side chains^. The electronic excitations in 
the side chains were assumed to induce Cooper pairing in 
the metallic spine. A crucial element of Little's scheme 
was the spatial separation of the metallic electrons from 
the excitations mediating pairing. This separation pre- 
vented the screening of the excitations which otherwise 
would have lowered the pairing scale. In fact. Little 



and Gutfreund argued that exchange effects and vertex 
corrections associated with interactions between metallic 
carriers and the excitations in the side chains do not spoil 
Cooper-pair formation if the separation is sufficiently 
large^. These effects are expected to decay exponentially 
with distance, whereas the Coulomb potential between 
polarizable side chains and charge carriers in the spine 
relevant for pairing depends algebraically on the respec- 
tive distance. Similar concepts were elaborated for two- 
dimensional interfaces between metals and dielectrics by 
Ginzbur^ here one expects that, although true long- 
range order is not allowed by the Mermin- Wagner theo- 
rem, algebraic order at finite temperatures is still feasible. 
Allender, Bray, and Bardeen proposed an excitonic mech- 
anism in superconductor- semiconductor sandwiches^. In 
this scheme, the exponential tails of the electronic wave 
functions from the metallic side experience an effective 
pairing potential mediated through the particle-hole ex- 
citations across the semiconductor gap. They predicted a 
superconducting state at the metallic surface which, un- 
der favorable conditions, might persist to a critical tem- 
perature Tc of the order of several tens of Kelvin. 

There are no superconductors to our knowledge where 
Cooper pairing arises via an excitonic mechanism of this 
general type. It is impeded by the necessity of recon- 
ciling two opposing tendencies: on the one hand, the 
two electronic subsystems — the charge carriers in the 
metal layer and the polarizable side chains or ligands — 
have to be well separated to avoid exchange effects. On 
the other hand, they should be as close as possible to 
generate a strong pairing potential. In this respect, an 
idea due to Hirsch and Scalapino appears quite promis- 
ing: they propose searching for a material in which the 
two electronic subsystems are not well separated in space 
but have mutually orthogonal wave functions^. This im- 
plies that vertex corrections to the pairing are suppressed 
very effectively although the subsystems reside partially 
on the same transition metal sites. Hirsch and Scalapino 
did not find an easy route to high temperature supercon- 
ductivity through models of this kind. This, however, 
may possibly be due to the restriction to ID systems. 

Fundamental model for bilayer superconductivity. At 
interfaces of materials, electronic properties can be dra- 
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FIG. 1. a) Geometry of the model system and the different 
interaction terms as described in text; b), c) lUustration of 
different interaction mechanisms leading to effective non-local 
electron pairing. 



matically different from their respective bulk values at 
either side of the interface. In this work we study a mech- 
anism for interface-mediated superconductivity induced 
by the interaction of two separated electron systems. The 
model system consists of two layers LI and L2. Layer L2 
comprises a two-dimensional electron system on a square 
lattice with lattice constant a and nearest-neighbor hop- 
ping t. Adjacent to every lattice site, in a distance r, 
there is a localized two-level (2D) system in layer LI with 
ground state (i, excited state p and excitation energy Adp. 
These excitations can be modeled as dipoles with a dipole 
moment ed^p with the constraint dldi -\- plpi = 1. An 
external electric field applied perpendicular to the layer 
structure both influences the charge carrier density 
in the electron layer L2 and polarizes the two-level sys- 
tems in LI. In the scope of this work we will refer to 
two-level systems in LI adjacent to an electron lattice 
site in L2 as a dipole on the same lattice site. The basic 
model described until now is identical to the model used 
by Koerting et al.^'^. 

The local 5- wave pair state found by Koerting et al.^ 
is suppressed by a strong on-site Coulomb repulsion be- 
tween electrons. In this work, we investigate an extension 
to the model system by including non-local interactions: 
electrons not only interact with dipoles on the same but 
also with dipoles on the next lattice site, with the respec- 
tive interaction energies Vdp and V^^. Nearest-neighbor 
dipoles interact with energy J. Fig.[l^ illustrates the 
geometry of the model system and the different inter- 
action mechanisms leading to effective non-local pairing 

(FigS.[l|D, c). 

The Hamiltonian assumes the following form: 

H = i^kin + ^e-e + ^21 + ^ext + ^dip-dip + ^e-dip (1) 



<i,j>,a 

i^e-e = U ^Ui^ani-a + V"^^ ^ Ui^^Tlj^^' (3) 



F2i = iAdp^(plft-dH) (4) 

i 

^fext=i5ext^(pk+4Pi) (5) 

i 

^^dip-dip = - J Y {p\di + d\Pi) {Pi^j + d]Pj) (6) 

<'ij> 

He~dip = Vdp ^ Ui^a (^pldi + dlpi^ 



where 



and Ee 



eddpEz. i^kin is the 



Hamiltonian for a band of non-interacting electrons in 
a 2D square lattice, i^e-e represents the Coulomb repul- 
sion between electrons on the same (first part) and on 
nearest-neighbor (second part) lattice sites, H21 the lo- 
calized two-level systems (dipoles), iYext the coupling of 
the electric field to the dipoles, and i^dip-dip the nearest- 
neighbor dipole interaction, i^e-dip is the interaction be- 
tween electrons in the metallic layer L2 and dipoles in 
layer LI. The first part describes a local interaction, 
whereas the second part represents a non-local interac- 
tion between electrons and dipoles on nearest-neighbor 
lattice sites (see Fig.[l] a-c for the different interaction 
terms). 

Following^^, we diagonalize H21 + i^ext in a first step 
and replace the quasi-particle operators by a pseudospin 
representation, where the longitudinal component 
measures the occupation of the two-level system and 
the transverse components Sf induce transitions be- 
tween two energy states. We then apply a Holstein- 
Primakoff transformation^^ on bosonic variables (6j, bj) 
and a Lang-Firsov transformation^ (LFT). To identify 
the terms controlling the non-local pairing interaction be- 
tween electrons on next-neighbor lattice sites, we carry 
out a modified version of the LFT. The non-local expan- 
sion of the LFT allows us to eliminate terms of the form 
^i^cri^j + ^j)' generating a direct interaction term 

<i,j>,a 

Vef[ XI ni^(j^j,a' between two electrons on nearest- 

<i,jf >cr,cr' 

neighbor lattice sites with the effective interaction en- 
ergy Feff- After expanding, assuming £^ext <^ Kip < A^p 
and J < Adp and performing a Bogoliubov transforma- 
tiorPJ^ we find Feff = Kff, 1 + Kff, 2 - Ve - 14-e, where 

Kff, 1 = J^g^ Kff, 2 = 2V^'g, and Ve = Vfg\ Here 
we have defined = FdpAdp/(2A), V^^ = V^l/{2X) and 
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A = Y^^ext + i^dp- "^^^ ^^^^ P^^^ ^ff, 1 describes the 
effective electron-electron pairing induced by the nearest- 
neighbor coupling of the dipoles (Fig [l]3). The sec- 
ond part Vef[^ 2 originates from electrons interacting with 
dipoles on the next lattice sites (Fig.jlj^). Ve is repul- 
sive, caused by the polarization of the dipoles due to 
the electric field, analogous to the local term found by 
Koerting et al}^. The nearest-neighbor Coulomb repul- 
sion Ve-e weakens the attractive interaction. The factor 
g = V^/{2XV^{l^n)^Vfn) introduced by the local LET, 
effectively describes the interaction between an electron 
and a dipole on the same lattice site. 

Results. We first fix model parameters. It is beyond 
the scope of our investigation to identify the various pa- 
rameters for specific materials. For concreteness, we as- 
sume that the two layers LI and L2 compose a perovskite 
heterostructure, e.g. SrTiOa (LI) and YBa2Cu306 (L2), 
as studied in Ref. |T3] within a DFT approach. For the 
evaluation we introduce the "standard set" of parame- 
ter values: the lattice constant is a = 4 A, the distance 
between layers LI and L2 is taken to be the distance be- 
tween a lattice site in L2 and the midpoint of the dipole 
in LI and is fixed to r = 3.4 A, and the dipole length 
is approximately the distance between a metal atom at 
the center of an octahedron in LI and its ligand in the 
direction towards the layer L2, notably d^p = 1.9 A. 
We choose a value t = 0.25 eV for the hopping ampli- 
tude in L2, and a nearest-neighbor Coulomb repulsion 
of V^^ = 0.5 1. The on-site repulsion U in L2 is of no 
relevance for our considerations as we do not include a 
local 5- wave pairing channel in the evaluation; we entirely 
focus on the non-local d-wave pairing (we have not ex- 
plored possible extended-5 pairing at low electron densi- 
ties which however has been estimated to be weaker). For 
the energy separation of the two- level systems in LI we 
choose Adp/4t = 2.5 which is a typical value for charge- 
transfer excitations in transition metal oxides. 

band filling 
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FIG. 2. The critical temperature Tc as criterion for the inter- 
face mediated d-wave superconductivity is displayed as func- 
tion of the external electric field energy Ee^t for different val- 
ues of the dipole energy gap Adp. 



To estimate the interactions between charge carriers 
and dipoles, we must consider the screening of the mi- 
croscopic processes produced by local excitations (polar- 
izations), which may be considerably smaller than im- 
plied by the bulk dielectric constant (see the discussion 
in Refs.[T4land [T5|) . For concreteness, we choose a screen- 
ing parameter Cg = 3 for LI which may be approxi- 
mately identified from LDA-calculations for a summation 
of interband transitions in such transition metal oxideJ^^. 
We now estimate the remaining interaction parameters 
Vdp, V^^, and J. The interaction energy between the 
dipoles next to the interface and the electric field of a 
charge carrier on the nearest site is given^^ by V^p = 
e^<idp/(47reoesr^) 3.1 1, and the non-local interaction 
between electrons and dipoles on nearest-neighbor lat- 
tice sites is analogously V^^ = e^(idp/(47reoes(r^ + <^^)) — 
1.3 1. The interaction energy between two dipoles in layer 
LI is (see Appendix B of Ref."^ J = e'^dl^/iATreoe^a^) 
1.1 1. Excited electrons in LI can also hop between ad- 
jacent centers. Virtual hopping processes of this kind 
generate a similar interaction term and renormalize the 
energy scale J. However we neglect this additional con- 
tribution as it does not qualitatively affect the considered 
pairing mechanism. 

Finally, if field doping is included through the external 
field £^ext we have to introduce the induced interfacial 
electronic charg^^n = [6oeba^/(e^<idp)]^ext7 where eb is 
the bulk dielectric constant of the gate dielectric. 

With the specification of the standard set of parame- 
ter values, we determine the filling-dependent BCS tran- 
sition temperature to the d-wave superconducting state 
from the effective interaction 14^ above. For Fig. [2] the 
transition temperature Tc has been calculated for an 
^ext = band filling of n = 0.85 for three values of the 
excitation energy Adp. For values close to that of the 
standard parameter set, k^T^/^t is of the order of 10~^. 
Although fiuctuations will suppress the high value for Tc , 
the scale is set by the non-local exchange of excitations 
in layer LI (cf. Figs.[l]3 andjl]^). Both of the exchange 
processes considered contribute with a similar strength. 
For virtual excitations with higher values of the excita- 
tion energy Adp, the transition temperature drops. For 
low values, where A^p is of the order of /cbTc, the number 
of inverted two-level systems in LI becomes sizable and 
Tc as function of A^p drops again; we do not consider 
this limit of small Adp in this work. For Adp/4t = 2.5, 
the number of inverted two-level systems is of the order 
of 10-^ 

The smooth curves in Fig.|2] display the dependence 
of Tc on field induced doping. The transition tempera- 
ture decreases for sufficiently negative field value since Tc 
depends on the density of mobile charge carriers. How- 
ever, Tc also decreases for positive field values because 
the effective interaction is suppressed by high electric 
field strengtlP^ the term Ve represents the interaction of 
field induced dipoles in LI with the charge carriers in L2 
and is repulsive^^. Here, it should be noted that Ve in- 
creases linearly with the field strength for small fields 
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{ed^^Ez <C ^Adp). Moreover, decreases for increasing 
Ez as the effective excitation gap of the two-level systems 
is increased. 




FIG. 3. Proposed realization of the L1/L2 model utilizing 
orthogonal atomic orbit als. 



Conclusions. We have presented a concrete calculation 
of possible interface-induced d-wave pairing mediated by 
localized electronic excitations localized in a proximate 
surface layer. The advantage of such a geometry, as noted 
earlier by Little, Ginzburg, and others, is that the spatial 
separation of the excitations mediating pairing from the 
metallic electrons helps to prevent the screening of the 
excitations. As in such early approaches, suppression of 
the critical temperature by exchange effects is avoided 
here by this spatial separation. The unique advantage of 
the current scheme over earlier excitonic mechanisms of 
this type, however, is the avoidance of the repulsive local 
Coulomb interaction U through the d-wave pairing state 
realized. The simplest calculation of the bare transition 



temperature is then on the scale of J • (Vdp/Adp)2, and 
can easily be of order several hundred K. Of course vertex 
corrections will suppress this temperature substantially, 
and due to the large momentum transfer in the interac- 
tions leading to d-wave pairing, the vertex effects will not 
be weakened as substantially as, e.g. in Ref.lSl. Whether 
the first or second effect dominates in real systems is de- 
pendent on specifics of materials we have been unable 
to address here; we merely point out that new possibili- 
ties for the optimization of interface-induced pairing are 
raised by the oxide heterostructures. 

Of course, the separation of pairing excitation and 
metallic layers also reduces the intrinsic strength of the 
pairing. It is therefore interesting to speculate further 
on the scheme of Scalapino and Hirsch^, extended to the 
current 2D context, by imagining concatenating layers LI 
and L2, and suppressing vertex corrections by construct- 
ing the two subsystems from mutually orthogonal atomic 
orbitals on the same sites, as illustrated in Fig. [Sj In the 
upper panel, a conductive layer is formed by metal atoms 
on a square lattice, e.g. in a perovskite structure. Elec- 
trons then hop, for example, within the (1^2 _y2 orbitals 
of the metal atoms. In the central panel, the non-local 
electron-electron interaction is mediated, e.g., by the dxz, 
dyz orbitals of the metal and the Px and Py orbitals of 
oxygen atoms, which are adjacent to every metal atom. 
In c) we illustrate two different interaction mechanisms, 
viz: an excitation can jump along either path to enable 
a non-local electron-electron interaction which would be 
similar to the one described here. 

Finally, we mention that the concepts discussed here 
in the context of interface-mediated pairing may also be 
applicable to the insulating spacer layers of the cuprates 
in bulk. As discussed by Eisaki et al.—^ if the pairing in- 
teraction for cuprate superconductors arises universally 
in the Cu02 plane, as is commonly assumed, it is difficult 
to understand the large range of T^s associated with the 
single layer cuprate materials, from 10 K to 90 K. It is 
possible that excitonic pairing with a proximate spacer 
layer may bootstrap the basic in-plane pairing interac- 
tion in certain systems. To enhance rather than suppress 
pairing, however, it must have the same symmetry as 
the in-plane pairing interaction, i.e., d-wave, just as in 
the mechanism discussed here. 
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